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Variants (designated A23-S and A24-S) of th. Quom' myco-protein fungus 
Fu Z r '" m A3« were isolated from a ^ oTg^^Um rted 

culture, grown „ , dilution „ te ^ „.„ fof , ^ 

but when grown in 



These variants had u 



....~d culture with the parental strain (A3/5) in glucose-limited chernostat 
™T h '\V^ r" «^«nu of SSTS 

^1, ^ * y ' "W 1 *""* «/5. When . monoculture of A23-S was 
"TTT r ! » ,utoi ^ ,,mrt « d at a dilution rate of IMS h -'. the appearance 

of hK,hly branded (,^c-„ed eolonia.) mutant* was delayed compact* 
^i r „ a T" r " nC rJ n "T" ~' tUrM <" *• P— nfl strain. Furthermore. 
the-oL^^?™, fi*- S W " «"*""" ^-"mlted culture at 0-1. '„-,. 
""X ^ r *' mUt * nU w " -v-n further. Thus, it i, 

!t^*'* !! I 4 . 0 "" • dv *"*»?««>«» (relative to A3/5) variants of ft oram/r^arum 
es. but in which the . 



A3/5 which have unchar 



of colonial mutants is delayed. 



J 



. 1 982) 



INTRODUCTION 

Noviek & Siihrd ( 1 950). M„ ser (, 938) and Powell (l 958) 
■ecogmzed th.. *n organism cultured under constant 
rZ.'/i» "* "I ' chemo " a ' idj P te d "» '<* environment bv 
have be<"n ^ A*t! ! J lfcnon s «>>"q«ntlv. chcmoicu's 
vra „ fu V ^ C ' deni ° r des, e n 10 i»ol»,« 'improved 1 

Laci; * V Ch 5 n « '"f; 1989; Mikko11 * KurUnd, 1992; 

Francis .Hansche. 19~3; Brown & Oli, 
Md fiismemous funjsi f Forw ./.. 1974; Ri.-bel, 

hlarnen.o s ,ung,, selectively advantageous mutants (so- 

S « m C o°'\ n ' a, M m t:" m ^ UCre '«"* ni " d 

date hl e h, >' branched than their parental strains. To 

L'row,K° ™ u ' am \ of "'amcntous fungi with improved 

F«»w.«, JJZTL lxT- cl ? emosu, P"P«l"«on 5 of 

- "c.o4;Zde:;: ls ^ ; I0 hi c^ne ^.r^ 0 " 

r-P> 8U lcs in chemosta, populations ^.57™*! 
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vantagcous. cyeloheximide-sensitive variants of unaltered 
morphology replaced the parental population even before 
colonial mutants appeared (Wiebe tl a/., 1993). The 
isolation ot advantageous variants with unaltered mvcelial 
morphologies is of considerable commercial interest 
because, in the production of Quorn* mvco-procein 
fermentations of F. gr,mi Ma r U n, have to be terminated as 
soon as highly branched mutants appear (these mutants 
cause alterations to both rhe nitration characteristics and 
the texture of the final product - i, becomes more 
(THnc t W"*)'"' 1 3 consc< < uem dt "«»« pfoductivity 

In this paper, we describe how a series of cbemostats was 
used to isolate two • improved " variants of F. pomimarum 
A^t^ 'L-'V't"" "' hich h * Ve 1 ^vantage over 

A3/,) which have an unaltered mycelial morphology. 
The selective advantage of, third vamm which is more 
sparsely branched than A3/5. is also described. 

METHODS 

Organism .nd medium. W^,,, ^. iht „ fli „ 
Billmcham. Ik. Stock cultures were maintained as macro- 
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/. (v/v) glycerol. Macroconidia 
cribcd by Wiebe r/ «/. (1991). 



conidia at -70"C in 2 

inocula were prepared a: _. .. ., , 

The denned medium of Vogel (1956) was used, u 
the carbon source instead of sucrose. For submerged" cultures 
1-65 g (NH,) t SO, I" was substituted for 2 g NH.NO. I" as the 
nitrogen source. Vogel s mineral salts solution was prepared a. 
50 x fina concentration, sterilized by membrane (0-2 urn diam. 
pore sue) filtration and added to the sterile glucose solution 
Glucose solutions (final concentration of 3 g glucose (I me- 
<!mm) J for <*'mos„, cultures were prepared in 10 1 volumes 
and autoclaved for 60 mm at 121 °C; no caramelization and no 
significant loss of glucose w» observed. For plate cultures. 
Vogel s modified medium containing 10 g glucose I" 1 and 3 tt 
(NH,),SO. or 2g NH.NO, I"? or 2 g NaNO r'^ 
solidified with agar (Davis Gelatine; 15 g I". final concen- 
J«n 0n v ) ;^ F0, med " '° dnm mi " m »« in >. eyeloheximide 
(250 U M) or potassium chlorate (300 mM) was added to 
Vogerj m4dium A)| eu | turcl we(e incub4ted „ 25 . c 



• n c , — " ™;'"'"" »■»•""» "ere grown at a dilution rale of 
0-18 h « 25 C (under the culture conditions emploved. A3/5 

(B. Braun Medical Ltd.) as described bv Wiebe & Trinci (1991) 
Biomass retention in the ferroenter vessel was monitored daily 
bv taking dry weight measurements of samples both from inside 
the termenter vessel and from the overflow. No retention of 
biomass in the vessel was observed. 

Inoculation protocols and Isolation of variants. Variant A21- 
XS was isolated from a series of glucose-limned chemostat 
cultutes grown at a dilution rate of (M8 h ' (M. C. Wiebe. 
G. D. Robson. S. G. Oliver and A. P. J Trinei unpublished 
results). Chemostat AC20 was inoculated with macroconidia 
harvested from spread plates of F. grammar** A3/5 following 
the procedure of Vt icbe <J< Trinci (1991); a sreadv siaie wis firsr 
achieved in such chcmostits 24-48 h after onset of continuous 
*A m f " ken ' r ° m th """?'»< -*C20 af.er 720 h (I9f, 
onidia (separated from 



Vogel 's mcdiunv'Afte'r a 

macroconidia were harv" 
inoculate fresh spread plan 
were present in the final mt 

(AC22) in the 



>. 105) f 



is flow. 8 ml o 



312 h 



through., ^ 

i <>! agar-Sulidificd modified 
d incubation, plates which 
olonies were retained and 
•n these plates and used to 

This second «i of pt«es"wa" . 
nculaie the second chemostat 
theonse ' 



ig mveclia and 
scutate a third 
•S was isolated 



a suspen 

.. u m chemostat AC22 »>, „.. tu ,„ „.,. 
;lucose.|.mitrd chemo, tl , (AC23). Variant A23- 
torn chemostat AC23 a. 255 h after the onset 
low; a highly branched, colonial mutam (A22-1) 
he AC23 popula,„ jn a. a tow concentrat.o 
■eVn'in I d*"" '* ol " ed fmm 
rv ™' n, * ined for i2 ~* h <' mal ' 
'ariants A23-S and A24S were is 



colony an; colonial macroconidia present in the central pan 
' ' " ,,unv could bt avoided (onlv mveclia of sparseU 
■nr.hJS ; nr ^ n ' 1 u uuld P««nt Ji ihc colonv margin). This 
™th„d uf isolating sparsely branched n.mant, w„ more rapid 
° efficient than the method (diluiing macriiconidia and 



Samples (about 10 m 



each variant isolated confirmed that colonial mutant) were 

< bi T' i « e , ,, ' 0< L edur,: u,ed '° ilol,,e tht v,ri,n " A23 -s- A24. 

S and A22-1 is shown in Fig. I. 

Marking mutants for competition experiments. Chlorate- 
resistant mutants of strains A3/5. A23-S. A24-S and A2I-XS 
were selected by inoculating plates of modified Vogel't medium 
containing 300 mM potassium chlorate with about 5 x 10* 
macroconidia and subsequently isolating chlorateresistant col 
onies. Each isolate was subculrured onto plates of Vogel's 
medium containing NaNO, as the sole nitrogen source as well 
as onto VogcPs medium containing NH.NO,. Only 'nitrate- 
non-utilwmg strains were retained for the experiments described 
below. Chlorate-resistant mutants of F. paminartrm A3/5 are 
very stable, with a reversion frequency of less than 1 in 10 : 
macroconidia (G. D. Robson, unpublished results). 
Monitoring of cycloheximide-resistant mutants and nsor- 
„ _i . mutaBtf ,„ chemostat populations. 

were removed dailv from (he fermenier 
vessel and macroconidia were separated from the mveelial 
biomass by filtration rhrough rwo lasers of sterile lens tissue 
Counts of viable macroconidia were rnade on modified Vogel'i 
medium (10 replicates per sample), as described bv Wiebe tt .1. 
(1991). To test for spontaneous mutations giving rise to 
cscloheximide resistance, the macroconidia (about 3 x 10* per 
plate) were also mtKulated onto medium containing 250 W M 
cscloheximide (10 replicates per sample). The plates were 
incubated for 3d for viable counts, or 6-8 d to detect 
eyeloheximide resistance. 

Highly branched, colonial mutant, were identified from their 
co onial morphologies (Trinci. 1992) and the proportion of 
colonial mutants) to parental strain was determined in the total 
population (i.e. macroconidia and mycelial fragments) as 
described by Vt'iebe n al. (1991). 

Measurement of selection coefficients. In a chemostat the 
selective advantage nf one strain (e.g. a colonial mutant* 
compared with another, can be quantified bv determining the 
selection coefficient, t (Dykhuizen & Hartl. 1981): 



(1) 



where*,,,, 



lion of m 



» of the parental strain at time /, and and 
1 '"J? tC coftetn "»''on» of each strain. Selection 

coefficients were calculated for glucose-limited chemostat cul- 
tures inoculated with macroconidia of two different strains of T 
gramimanm and grown at a dilution rate of O-IS h"'. In such 
competitions, morphologically similar strains were distini; 
uished by competing chlorate-resistant (nitratt-non- utilizing) 
and chlorate-sensitise (nitrate-utilizing) strains. Each comp- 
etition was repeated with the chlorate resistance marking the 
other strain. Counts of colony forming units (derived from 
either mycelial fragments or macroconidia) were made on 
modified Vogel's medium containing NH,NO, of NaNO. as 
the nitrogen source, and with NH.NO, plus 300 mM chlorate 
(III replicates per sample fot each medium). The plates were 
incubated for 3 d and the proportion of chlorate-resistant and 
chlorate-sensitive propagules in the total population was 
determined. The proportion of nitrate-uiiliiing and nitrate-non- 
utilizing propagules was determined independently. \V:ih am 
momum sulphate as the sole nitrogen source in the medium, 
chlorate resistance confers neither a selective advantage nor a 
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» A3/5 



Macroconidia diluted 
I 

. Spread plates with onJy 
. sparse mycelia selected 



mactocorudul fragments 

Spread pla le j with sparse 

mycelia and colonial 
mutani mycelia selected 



Macroconidia harvested 
from margin of colony 

Macroconidia 
A23-: 



1273 h 



t AC24 



"-ED 



■ 

Plates inoculated centrally 
»'"h mycelial fragments 
and macroconidia 
I 

Macrocon.d.a harvested 
from margin of colony 



Macroconidia of variant 
A24-S 



-ED 



tl'J,?^''? *" hhd *? W- C Wiebe. unpolished 

jist it h ,c Kt li, r eicc,,on ^S"'^ clz^v.mu. 1 ;:; 

as highly branched mutants are «»!>• *«T.I u 1? 
from sparsely branched strain, (Wiebe « ,992 ) * 
I^T^T"* 0 ' my<eKal """Photooy. Hvphal trrowth unit 

^'^^ 

T ceii, which had been £ Ztr about" if h' "sEmT ' 

-5!"^ 1 h re ro ^ u 2 «d e :!i„ , I! 200 A 7' n - H j ph " Bro -^ 

RESULTS 

Morphology of «, r ia nts ^3.5 ^ 

grown in m.xed culrure in a clu 
chcmosta, culture a, a di | ution rate of 0% Y\ varia, 

^.w^v^ssri? ^MX)6±cHx,, h ' 



25 f C "n'm^d v' A2J " S " d grown „ 




M'3 h- 0-0,7 "... rCc£i£ »' 001» h-, 
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Competition between A3/5, A23-S and A24-S 

The parental strain (A.V5) «=» «r»wn in mi X cd culture 
with variants A23-S and A24-S. When mixed cultures 
were grown in a ulucosc-lirnited chcmost.n culture at a 
dilution rate i if 008 h"'. A23-S replaced A3/S (Fig. 2b) 
w ith a selection coefficient of 0-01 3 ± 0001 h _1 . Similarly, 
when mixed cultures were grown in a glucose-limited 
chemortat at a dilution rate of 018 h"', A24-S" replaced 
A3/5 (Fig. 2c; with a selection coefficient of 0'017± 
f>()02 h" 1 . The selective advantage of A24-S relative to 
A3/5 was significantly greater (/> < 0-03. /-test) than the 



selective advantage of A2.VS relative to A3/5. W hen A23- 
S and A24-S were crown in ttlucose-limited chemostai 
culture at a dilution rate of 018 h" 1 . A24-S replaced A23- 
S with a selection coefficient. of f>014 h" 1 {Fiji. 2d). 



limited chcmosiat culture at a dilution rate of 018 h* 1 . 
Highly branched (colonial) mutants appeared in the 
population about 480 h or 124 generation? after the onset 
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rmjiticd Vogel's medium (25 °C. pH S«±(H) >i > dilution cite ..fO-IH 
regular intervals "id <hc proportion of cyclohcximidc (Cf 25 mM)-r»ittai 
matrncomdial population wis determined. This proportion was alto dcr 
subpopulaiions (sparsely branched and highly branched phenmypes). 

Population Time between peak rr 



III 



e pop" I" 




hcximide-resisram macroconidia 
seven peaks of evetoheximide 

(Table 2). txcluding the first peak which occurred after 
384 h or J0O generations, a mean interval of 160+ 12 h 
(42 ±3 generations) was observed between peaks Tn the 
cycloheximide-resisiant population of macroconidia. 
Cyclohcximide-resistant colonial mutants were first ob- 
served about 601 h or 1 56 generations after the onset of 
continuous flow, but they did not become dominant in the 
cyclobeximide-resistani population until about 816 h ot 
213 fenerations (peak 4} after the onset of continuous 
flow. Fluctuations in cycloheximide resistance continued 
to be observed in populations of both A23-S and colonial 
mutant macroconidia (Table 2), indicating the appearance 
of advantageous mutants. 



f. grtmintarum strains A3/5 », 



«9- 3. Competitior 

colonial muwm A22-1 (O) and'berween A23-5~*,„. ™„ 
mutant A221 (•) grown in glucose-limited chemostat culture 



">f continuous flow and replaced A23-S with a selection 
coefheient of 0018 h". Although the majoritv of the 
cnlomal populatmn consisted of very highlv benched 
muian.-s less highly branched mutants were occasionally 
observed but never formed more than 2-4±f>9». of rhe 
pi>pulaoon. The selection coefficient (l>018h"') for the 
colonial mutants that arose in the A23-S culture was 
comparable t u the ^elcction coefficients (IMI|?-(MI34 rT l ) 
"t colonial mutants which appeared in populations of the 
P»ren.:,l strain, A3/5(Tr,nci. 1992). At!tbou,9." | llir 24> 

(viniilaiion and then fluctuated between oil and WV. of 
^Y'^^population until rhe experiment was terminated 
-'iuut 334 generations after the onset of 



continuous flow. 



s occurred in the 



A monoculture of variant A24-S w.as grown in a glucose- 
limited chemostat culrure at a dilution rate of 018 h"'. In 
the first experiment, highly branched (colonial) mutant? 
appeared in the population about 600 h or 1 56 generations 
after the onset of continuous medium flow, and displaced 
the sparsely branched population with a selection co- 
efficient of 0-023 h"'. After 912 h or 237 generations of 
cultivation, the colonial population contributed 85-2 + 
3 2"; of the total population and subsequently fluctuated 
between this and %-4 + 0'8 % of the population until the 
fermentation was terminated at 1703 h or 442 generations 
after the onset of continuous flow. In a second experiment, 
no colonial mutants were observed in the A24-S popu- 
lation before the fermentation was terminated at 552 h or 
135 generations after the onset of continuous flow. 
Fluctuations in the concentration of cycloheximide- 
resisiant macroconidia were monitored during the first 
A24-S experiment and seven peaks of cvcloheximide were 
observed (data not shown). After the first interval, which 
lasted about 336 h or 87 generations, the average interval 
between peaks in the concentration of cycloheximide- 

i 3019 



Copied from 10031288 on 05/04/200$ 



M C. W IEBE and OTHERS 



resistant macroconidia was 208 ± 28 h or about 54 gener- 
ations, and was significantly (P < 0-05, MeSt) longer than 
the intervals observed for either the A3/S (Wiebe el al. 
1993) or the A23-S chemostat populations (124 + 12 h and 
160+ 12 h, respectively). 

Competition between A3/5, A22-1 and A23-S 

The parental strain (A3/5) and variant A23-S were, each 
grown in comperition with colonial mutant A22-J in 
glucose-limited chemostat cultures ar a dilution rate of 
018 h". Fig. 3 shows that the highly branched (colonial) 
mutant (A22-1) supplanted both sparsely branched strains 
but the parental strain (A3/S) was displaced more rapidly 
(/ = -0-019 h") than A23-S (s » -0-013 h*»). 

DISCUSSION 

We have now isolated advantageous variants of F. 
grtminearum with three different mycelial morphologies: 
variants mote highly branched than A3/5 (the colonial 
mutants); variants with a similar branching pattern to 
A3/S (A23-S and A24-S); and variants more sparsely 
branched than A3/5 (A21-XS). 

When F. jramineatuni A3/5 was grown in » glucose- 
limited chemostat culture at a dilution rate of 0-18 or 
0-19 h' 1 in three unperturbed cultures (i.e. culrures in 
-which the steadv-state was maintained throughout), 
colonial mutants first appeared 360, 386 and 421 h (99, 106 
and 115 generations, respectively) after the onset of 
continuous flow; mcan±SE of 389+ 18 h or 107 + 5 
generations (Trinci, 1992; Wiebe <•/ «/., 1991). However, 
in [wo perturbed chemostat cultures (in which steady 
states were not maintained throughout because in one the 
stirrer drive belt snapped and in the other the air supply 
became blocked and the dilution rate varied from 0-11 to 
0-22 h"'), colonial mutants first appeared at 481 h or 125 
generations and 648 h or 177 generations after the onset 
of continuous flow. Since we have previously shown that 
perturbation? in growth conditions (\X iebc it al., 1992) 
and reductions in dilution rate" (M. G. Wiebe, G. Dl 
Robson, S. G, Oliver and A. P. J. Trinci. unpublished 
result) inhibit or delay the increase of colonial mutants in 
a population, comparisons between the appearance of 
colonial murants in chemostat cultures of A3/5, A23-S 
and A24-S are made only for unperturbed A3/5 cultures. 
For glucose-limited chemostat cultures grown at a high 
dilution rate, appearance of colonial mutants in A23-S (at 
480 h or 124 generations) and A24-S(at > 552 hor> 135 
generations and 600 h or 160 generations) was delayed 
significantly compared with the parental strain (389 h or 
107 generations). That variants of F. S ra»,in,arum A3/5 
can be isolated in which the appearance of colonial 
mutants is delayed is of considerable commercial interest 
because, in the production of Quorn* myco-proiein, 
industrial fermentations of F. graminearum have to be 
terminated as soon as colonial mutants appear (Trinci, 
1992). 

In glucosc-limired chemostat culture, the interval between 
the onset of continuous flow and the first (adaptive) peak 



of cycloheximide-resistant macroconidia. was longer 
(384 h) for A23-S than that observed in the parental strain 
(longest interval - 171 h, Wiebe el at.. 1993). suggesting 
thai the former culture was more homogenous at the 
onset of continuous medium flow than the lattet. Simi- 
larly, a long first interval before the first (adaptive) peak of 
cycloheximide-resistant macroconidia was observed in 
both A24-S fermentations. Excluding this first interval, a 
mean interval of 160±12h (42+3 generations) was 
observed between peaks in cycloheximide-resistant 
macroconidia for the A23-S culture. Furthermore, it may 
be significant that the mean interval between peaks in 
cycloheximide-resistant macroconidia for a glucose-lim- 
ited chemostat culture of A24-S (208 ±28 h) was longer 
(P < 0-05) than the mean interval (160+12 h) observed 
for the A23-S culture. These periods are significantly 
longer (P < 0-05) than the mean interval between peaks in 
evcloheximide-resistant macroconidia in A3/5 cultures 
(124± 12 h; Wiebe el a/.. 1993). These results suggest 
that, although changes in the population occurred, in the 
A23-S and A24-S cultures, they occurred less frequently 
than in A3/5 populations. Thus, the present results show 
that it is possible to isolate 'improved' variants (variants 
which have a competitive advantage when grown in 
mixed culture with A3/5 and in which the appearance of 
colonial mutants is delayed compared with A3/5) of the 
Quorn*' myco-protein fungus. 
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